Abstract: A series of 18 N-alkyl substituted 3-aminopyrazine-2-carboxamides was prepared in this work according to previously experimentally set and proven conditions using microwave assisted synthesis methodology. This approach for the aminodehalogenation reaction was chosen due to higher yields and shorter reaction times compared to organic reactions with conventional heating. Antimycobacterial, antibacterial, antifungal and photosynthetic electron transport (PET) inhibiting in vitro activities of these compounds were investigated. Experiments for the determination of lipophilicity were also performed. Only a small number of substances with alicyclic side chain showed activity against fungi which was the same or higher than standards and the biological efficacy of the compounds increased with rising lipophilicity. Nine pyrazinamide derivatives also inhibited PET in
Introduction
Pyrazinamide (PZA) is considered to be one of the most important drugs in the World. It has numerous uses and the pyrazine ring is also contained in many natural compounds. Nevertheless, its main field of use is still the treatment of tuberculosis (TB). The reason is clear-Mycobacterium tuberculosis is the most dreadful microorganisms in the World. Although the incidence of new TB cases has been falling slowly throughout the last decade, the danger is posed by the group of resistant strains [1] . There are currently two types of resistance. The first group consists of multidrug-resistant mycobacteria, which are resistant to all first-line antituberculotic agents (rifampicin/rifabutin, isoniazid, pyrazinamide, ethambutol, streptomycin). The second group is more treacherous because of its resistance to isoniazid and rifampicin combined with resistance to any fluoroquinolone used in the current therapy and to at least one of the three parenteral second-line antituberculotic drugs (amikacin, kanamycin, capreomycin) [2] . There was another category in the past called totally drug-resistant TB that was first observed in India. These strains were resistant to all known first-and second-line antituberculosis agents and posed a threat to epidemiologists all over the World. But they have practically disappeared with the discovery and approval of the new anti-tuberculosis agent bedaquiline for their therapy because it is active against the resistant Mycobacterium tuberculosis [3] . PZA is classified as the first-line antituberculotic agent that is unique for its therapeutic properties. It acts in acidic environment as a bactericidal sterilising drug that is able to kill the dormant forms of tubercle bacilli, especially in combination with rifampicin. These so called persistors are just situated in nidus where an acidic pH is typical [4] .
On the contrary, the mechanism of action of PZA is still under the investigation by researchers all over the World. One of the first theories suggested was that it is necessary to activate PZA via the enzyme pyrazinamidase (nicotinamidase) (EC 3.5.1.19) to the active form pyrazinecarboxylic acid (POA). This acid molecule gets into the mycobacterial cell and causes the inner cell compartment acidification during the ionic efflux. These consequences lead to cellular death [5] [6] [7] . The gene encoding pyrazinamidase is known as pncA gene and its mutation leads to the resistance of mycobacteria to pyrazinamide [8] .
Another theory propounded the inhibition of fatty acid synthase I (FAS I) (EC 2.3.1.85). This is the enzyme essential for synthesis of mycolic acids, which are vital for the mycobacterial cell wall integrity. Despite the fact that PZA is effective in this aspect, this mechanism was rejected by Boshoff who has proven that PZA caused only low inhibition [9] . PZA analogues that act as FAS I inhibitors are from the group of 5-chloropyrazinamide, esters of 5-chloropyrazinoic acid or POA and their derivatives [10] [11] [12] .
A recent theory introduced by Zhang et al. proposed the inhibition of trans-translation as the main way of PZA action. This cellular process is essential for survival and virulence of mycobacteria and its interruption leads to fatal blockade of proteosynthesis. All these hypotheses were supported by in vitro experiments [13] .
PZA and its derivatives have also many other useful applications, as they show antiviral, antifungal, antibacterial and as well as antineoplastic activities [14] [15] [16] [17] [18] [19] [20] . Several pyrazine derivatives were also found to inhibit photosynthetic electron transport (PET) in plant chloroplasts [21] [22] [23] . Using EPR spectroscopy it was found that the site of action of pyrazine-derived PET inhibitors is the intermediate D
•
, i.e., tyrosine radical (Tyr D
) situated in the 161st position in D 2 protein on the donor side of photosystem (PS) 2 [24, 25] . Similar site of action in the photosynthetic apparatus of spinach chloroplasts was confirmed for 2-alkylsulfanylpyridine-4-carbothioamides [26] and substituted benzanilides and thiobenzanilides [27] . Further experiments with artificial electron donor 1,5-diphenylcarbazide (DPC) confirmed that PET between PS2 and PS1 was interrupted by 2,6-disubstituted pyridine-4-thiocarboxamides exclusively on the donor side of PS2 in the section between the primary electron donor of PS2 (H 2 O) and Z

/D
• intermediate and the photosynthetic transport chain from P 680 to plastoquinone Q B occurring on the acceptor side of PS2 was not damaged [25] , while PET on the acceptor side of PS2 was partially damaged by 5-tert-butyl-6-chloro-N-(3-fluorophenyl)pyrazine-2-carboxamide and 5-tert-butyl-N-(3-hydroxy-4-chlorophenyl)pyrazine-2-carboxamide [25] or by N-benzylpyrazine-2-carboxamides [22] . Many structural variations of pyrazine compounds with herbicidal properties can be found in the patent literature focused on compounds with herbicidal activity that are useful for the control of unwanted vegetation [28] [29] [30] .
A further aspect of this work is the use of microwave-assisted reactions. It is known that microwave-assisted syntheses have become into general awareness during the last decades and their applications are still in the focus of many researchers. These reactions usually provide higher yields, shorter reaction times and better chemical conversions in comparison with conventional heating methods. Moreover, sometimes the desired products can be obtained only by using the microwaves accelerated reactions [31] . If emerging side-products are detected, they can be eliminated by many separation methods such as chromatography or crystallization. The advantages of these reactions are explained by the interaction between microwaves and molecules themselves, neither vessel sides nor any solvents used. There is also the possibility of reaching temperatures higher than the boiling point of solvent, especially in over-pressurized systems. This has opened a new way for drug discovery and development [32] . We focus herein on the synthesis of pyrazine derivatives with aliphatic or alicyclic side chains and their antimycobacterial, antibacterial, antifungal and PET-inhibiting activities.
Results and Discussion
Chemistry
Compounds synthesized in this work were prepared according to the general procedures shown in Scheme 1. The identity and purity were proven by NMR spectra, elemental analysis and melting point. The second method of starting compound preparation was approximately three times more efficacious than the first one comparing the yields of the reactions (80% vs. 25%). The melting point of 3-chloropyrazine-2-carboxamide was compared to the value stated in a previously published paper and the results were practically the same, as our measured value was in the 187.1-189.2 °C range and the reported values were 186.0-186.5 °C [33] and 188.0-190.0 °C [34] . 3-Chloropyrazine-2-carboxamide was then treated with 18 aliphatic or alicyclic amines and saturated heterocycles containing nitrogen. A series of experiments was done at the beginning to compare the efficiency of both methodsconventional and microwave-assisted heating ( Table 1) .
The remaining reactions were performed in microwave reactor and the conditions, which were proven experimentally, were as follows: 140 °C, 30 min, 120 W, methanol as a solvent and pyridine as a base (Scheme 1). Yields obtained from the aminodehalogenation were in a range between 50.0% and 95.8% and their variability can be explained by the steric effects of some substituents (dibutyl-, tert-pentyl-) that lead to worse outcomes.
This reaction yielded N-substituted 3-aminopyrazine-2-carboxamides (Table 2) . We prepared a series consisted of 18 compounds of which 16 were novel. They were analytically characterized (NMR and IR spectra, melting point, elemental analysis) and submitted to biological screening. The obtained analytical data were fully consistent with the proposed structures. 
Calculated and Experimentally Determined Lipophilicity
The dependence of experimentally determined logk on calculated logP values of tested compounds is shown in Figure 1 . While for compounds 1-17 linear dependence of logk on logP was determined (r = 0.816), the estimated logk value for 3-(piperazin-1-yl)pyrazine-2-carboxamide (18) was considerably lower than expected. This could be connected with the presence of a secondary cyclic amine that can be very easily ionized. 
Biological Assays
Antimycobacterial in Vitro Screening
All prepared compounds were tested against the wild strain Mycobacterium tuberculosis H37Rv. Four substances (compounds 6-9) showed low activity against this strain with corresponding minimal inhibition concentration (MIC) values equal to 50 μg/mL. However, this activity was negligible comparing to the activity of the standard isoniazid (0.39 μg/mL) and pyrazinamide (12.5 μg/mL).
Antifungal and Antibacterial in Vitro Screening
The results of antibacterial screening have shown only low activities against Staphylococcus epidermidis. The antibacterial activity of compounds 5, 7 and 13 expressed by 80% inhibition concentration (IC 80 ) values was lower than 250 μmol/L and did not reach the values of antibiotic standards.
Antifungal evaluation showed more interesting results. There were seven active substances and two of them (compounds 12 and 13) showed better activity than two standards (voriconazole, fluconazole) ( Table 3 ). The alicyclic side chain with seven carbons was more active than the 6-membered ring. The 80% inhibition of control was observed in the range from 15.62 to 31.25 μmol/L for compound 12 and in the range from 7.81 to 31.25 μmol/L for compound 13 against nearly a whole spectrum of fungi tested after 24 h of incubation. Five substances (compounds 4, 5, 7, 8 and 11) were less active than the standards and their IC 80 values were not lower than 250 μmol/L. The activity spectrum of these compounds was also wider and did not include only one fungal strain. It is not possible to predict structure-activity relationships for antibacterial and antifungal efficacy of studied compounds in the whole tested group due to small number of active substances and a lack of IC 80 values better than standards. However, a saturated ring is probably important for antifungal activity and the activity also increases with increasing lipophilicity of the compounds. Unfortunately, the series is too small (only three compounds) to prove this hypothesis.
Photosynthetic Electron Transport Inhibiting Activity Evaluation
The 3-substituted pyrazine-2-carboxamide derivatives were tested for their PET inhibiting activity. However, the PET-inhibiting activity, expressed by IC 50 value (compound concentration in mol/L causing 50% inhibition of PET) in the investigated set, could be determined only for nine compounds. The values varied in a wide concentration range from 14.3 μmol/L (compound 9) to 1590.0 μmol/L (compound 3) ( Table 4 ). The rest of compounds 1, 2, 10, 14, 15, 16, 17, and 18 did not inhibit PET in spinach chloroplasts. Because all tested compounds containing heterocyclic amines as substituent in position 3 on the pyrazine ring, i.e., 14, 15, 16, 17, and 18, were found to be inactive it could be concluded that increased basicity of these compounds caused by the introduction of nitrogen atom(s) into the ring is connected with activity loss. Moreover, these substituents ultimately create a trisubstituted amine while by introduction of amino alkyl or amino cycloalkyl substituents to pyrazine-2-carboxamide disubstituted amine is formed. However, it could be stressed that trisubstituted amine is present also in compound with R = (C 4 H 9 ) 2 (10) which did not show PET inhibiting activity as well. The PET-inhibiting activity was strongly affected by lipophilic properties of the compounds ( Figure 2 ) expressed as logP or logk. The PET-inhibiting activity increased with increasing lipophilicity of the compound and the dependence of log (1/IC 50 ) vs. logP showed quasi-parabolic course ( Figure 2A ). The only exception was compound 11 (R = cyclopentyl with logP = 0.03) activity of which was considerably higher (IC 50 = 25.8 μmol/L) than that of compound 4 with logP = 0.14 (IC 50 = 203 μmol/L). Similarly, quasi-parabolic course was also observed for the dependence of PET inhibiting activity on logk. However, with respect to the quasi-parabolic course of this dependence, compound 11 (logk = 0.2537) showed higher and compound 6 (logk = 0.5468) lower PET inhibiting activity ( Figure 2B ). 
The obtained results indicated that IC 50 could not be determined for compounds with too low lipophilicity, namely 1 (logP = −1.3), 2 (logP = −0.76).
As mentioned above, the ineffectiveness of compound 10 (R = (C 4 H 9 ) 2 ) as well as compounds 14-18 with heterocyclic substituents could be connected mainly with the absence of a secondary amine fragment (-NH-) bounded to the pyrazine ring. Consequently, possible interactions of these compounds with constituents of the photosynthetic apparatus are limited. On the other side, a 2-carboxamino substituent CONH 2 on the pyrazine ring plays an important role in the interactions of the tested pyrazine derivatives with constituents of the photosynthetic apparatus. Moreover, increasing length of the alkyl substituent contributes not only leads to better transport of the compound to its site of action but incorporation of longer alkyl chains into the thylakoid membrane that results in membrane damage and consecutive increase of PET inhibiting activity. Similar results were also obtained with 2-alkylthio-4-pyridinecarbothioamides [26] .
Artificial electron donors could be used to specify the site of inhibitory action of PET inhibitors in the photosynthetic apparatus because they can restore PET activity in chloroplasts of which was previously inhibited. P680) and secondary quinone acceptor Q B which is situated on the acceptor side of PS2 and 2,6-dichlorophenol-indophenol (DCPIP) photoreduction occurs again. However, if the site of PET inhibitor is located between P680 and Q B , photoreduction of DCPIP (an artificial electron acceptor used for monitoring the PET through PS2 from H 2 O to Q B ) remains inhibited. Activity of chloroplasts, which was restricted by studied pyrazine-2-carboxamides, was practically completely restored after DPC addition. Thus, it can be concluded that the site of action of tested compounds in the electron transport chain is situated exclusively on the donor side of PS2, between oxygen evolving complex and Z
• /D
• intermediate, while the section of the electron transport chain on the acceptor side of PS2 between P680 and Q B is not damaged. Similar results were also obtained with N-substituted 5-amino-6-methylpyrazine-2,3-dicarbonitriles [23] , 2-benzylsulphanylbenzimidazoles [38] and ring-substituted 1-hydroxynaphthalene-2-carboxanilides [39] . On the other hand, addition of DPC restored PET in chloroplasts, which was inhibited by N-benzylpyrazine-2-carboxamides only to 77%-88% indicating that the site of PET inhibition is situated not only on the donor but also on the acceptor side of PS2 [22] . Similar sites of action on both sides of PS2 were determined previously for 5-tert-butyl-N-(3-hydroxy-4-chlorophenyl)-pyrazine-2-carboxamide and 5-tert-butyl-6-chloro-N-(3-fluorophenyl)pyrazine-2-carboxamide [24] .
Interaction of substituted pyrazine-2-carboxamides with residues of aromatic amino acids (AAA), mainly tryptophan and tyrosine occurring in photosynthetic proteins situated mainly in PS2, which was documented by the quenching of AAA fluorescence at 334 nm contributed to PET inhibition. Figure 3 presents fluorescence emission spectra of AAA of untreated spinach chloroplasts and of chloroplasts treated with increasing concentrations of compound 7. As shown in Figure 3 , the quenching of the fluorescence of aromatic amino acids at 334 nm increased with increasing concentration of pyrazine derivative. This finding is in accordance with the results obtained in the above mentioned study of PET inhibition in spinach chloroplasts by tested pyrazine-2-carboxamides using artificial electron acceptor DCPIP. The quenching of the fluorescence of aromatic amino acids in the presence of 5-bromo-and 3,5-dibromo-2-hydroxy-N-phenylbenzamides and ring-substituted 2-hydroxynaphthalene-1-carboxanilides was observed previously [40, 41] .
Experimental
General
All chemicals were reagent or higher grade of purity and were purchased from Sigma-Aldrich (Steinheim, Germany) or Fluorochem Ltd. (Hadfield, Derbyshire, UK), unless stated otherwise.
The starting compound was prepared according to proven conventional organic synthesis methodology. The final aminodehalogenation reaction was performed in a CEM Discover microwave reactor with a focused field (CEM Corporation, Matthews, NC, USA) connected to an Explorer 24 autosampler (CEM Corporation) and this equipment was running under CEM's Synergy TM software for setting and monitoring the conditions of reactions. The temperature of the reaction mixture was monitored by internal infrared sensor. The progress of the reaction was checked by Thin Layer Chromatography (TLC) (Alugram ® Sil G/UV 254 , Machery-Nagel, Postfach, Germany) with UV detection using wavelength 254 nm.
All obtained products were purified by crystallization or by preparative flash chromatograph CombiFlash ® Rf (Teledyne Isco Inc., Lincoln, NE, USA). The type of elution was gradient, using the mixture of hexane (LachNer, Neratovice, Czech Republic) and ethyl acetate (Penta, Prague, Czech Republic) as mobile phase. Silica gel (0.040-0.063 nm, Merck, Darmstadt, Germany) was used as the stationary phase.
NMR spectra were taken with spectrometers Varian Mercury-VxBB 300 with frequencies 299. 
Synthesis of Starting Compound and Final Products
The starting compound 3-chloropyrazine-2-carboxamide was synthesized using two published procedures. The first method was classified as less effective and was based on the homolytic amidation of 2-chloropyrazine. Thus, 2-chloropyrazine (0.17 mol) was dissolved in formamide (3.7 mol), heated to 90 °C and ammonium peroxodisulphate (0.18 mol) was added portionwise over one hour period. This mixture reacted for another one hour at 90 °C and then it was left to stand for 24 h at laboratory temperature. Dilution with 100 mL of water was followed by filtration and this filtrate was extracted continuously with chloroform for 16 h [34, 42] . The mixture of three positional isomers was separated by flash chromatography using silica gel as stationary phase. The second process used 3-chloropyrazine-2-carbonitrile, which was submitted to partial hydrolysis of the nitrile group. The powdered carbonitrile (0.104 mol) was added little by little into the reaction mixture of concentrated hydrogen peroxide (0.95 mol) and water (195 mL) heated to 50 °C. The pH was adjusted and regulated around a value of 9 using an 8% solution of sodium hydroxide and the temperature of the reaction was regulated between 55 and 60 °C. The reaction was stopped after 2.5 h and was cooled to 5 °C. Newly-emerged crystals were removed by suction and recrystallized from ethanol [42] .
The starting compound (1.27 mmol) was treated with 18 aliphatic amines, alicyclic amines or saturated heterocycles containing at least one nitrogen atom (2.54 mmol). Four reactions were completed by conventional heating methods. The conditions were 110 °C, toluene as a solvent and pyridine (1.27 mmol) as a base. The reaction time was set to one hour. Then the reactions were completed using the microwave reactor with focused field and conditions used for syntheses were 140 °C, 30 min, 120 W, methanol used as a solvent and pyridine (1.27 mmol) as a base. They were set experimentally with respect to prior experience. The progress of reaction was monitored with TLC in system hexane/ethyl acetate (1:1). Then the mixture was separated by flash column chromatograph using gradient elution. Mobile phases were hexane and ethyl acetate again. 
Analytical Data of the Prepared
Lipophilicity HPLC Determination and Calculations
Experimental lipophilicity parameter logk was ascertained using an Agilent Technologies 1200 SL liquid chromatography HPLC system with a SL G1315C Diode-array Detector, chromatographic pre-column ZORBAX XDB- Mueller Hinton broth was used for the cultivation that was done in humid atmosphere and by 35 °C. The readings were made after 24 and 48 h and MIC was set as 80% inhibition of control. The standards were neomycin, bacitracin, penicillin G, ciprofloxacin and phenoxymethylpenicillin [43] .
Antifungal evaluation was also accomplished with microdilution broth method. On the contrary, there was used RPMI 1640 broth with glutamine as medium and conditions were humid and dark atmosphere, pH 7.0 (adjusted with 0.165 M morpholinepropanesulfonic acid, MOPS) and 35 °C. 8 fungal strains were used (Candida albicans ATCC 44859, Candida tropicalis 156, Candida krusei E28, Candida glabrata 20/I, Trichosporon asahii 1188, Aspergillus fumigatus 231, Lichtheimia corymbifera 272, Trichophyton mentagrophytes 445) together with four antimycotic standards amphotericin B, voriconazole, nystatin and fluconazole. The MIC was set as 80% inhibition of control and readings were made after 24 and 48 h (50% IC, 72 and 120 h for filament fungi) [44] .
Study of Photosynthetic Electron Transport Inhibition
The inhibition of photosynthetic electron transport (PET) in spinach chloroplasts was determined spectrophotometrically (Genesys 6, Thermo Scientific, Madison, WI, USA) using an artificial electron acceptor 2,6-dichlorophenol-indophenol (DCPIP) [45] . The rate of photosynthetic electron transport was monitored as a photoreduction of DCPIP. Chloroplasts were prepared from Spinacia oleracea L. [46] . The measurements were carried out in phosphate buffer (0.02 mol/L, pH 7.2) containing sucrose (0.4 mol/L), MgCl 2 (0.005 mol/L) and NaCl (0.015 mol/L). The chlorophyll concentration was 30 mg/L and the samples were irradiated (~100 W/m 2 with 10 cm distance) with a halogen lamp (250 W). The 4 cm wide water filter was used to prevent warming of the suspension so the temperature did not exceed 22 °C. The studied compound were dissolved in DMSO due to their limited water solubility. The applied DMSO concentration (up to 4%) did not affect the photochemical activity in spinach chloroplasts. The efficiency of studied compounds was expressed as 50% inhibition concentration relative to the untreated control. The standard for these measurements was DCMU (Diurone ® ). The emission fluorescence spectra of aromatic amino acids were recorded on the fluorescence spectrophotometer F-2000 (Hitachi, Tokyo, Japan). The samples of chloroplast suspensions with and without studied inhibitor were excited at wavelength of 275 nm, excitation slit 20 nm and emission slit 10 nm. The samples were kept in the dark for 2 min prior to the measurement. The phosphate buffer used for dilution of the chloroplast suspension was the same as described above. The compounds were added to chloroplast suspension in DMSO solution due to low aqueous solubility. The DMSO concentration in all samples was the same as in the control (10%). The chlorophyll concentration in chloroplast suspension was 10 mg/L.
Conclusions
Eighteen N-substituted 3-aminopyrazine-2-carboxamides were synthesized in this work with the application of focused field microwave technology. The reaction conditions, which were set experimentally, lead to higher yields and shorter reaction times compared to the conventional heating method. The difference between these conditions is obvious. The temperature reached during the reactions is much higher than the boiling point of methanol and toluene under normal conditions. Also the time is at least two times shorter. All the compounds were purified and then their structure was confirmed by NMR and IR spectra and they were then tested for their potential biological activities.
The experimentally measured lipophilicity was compared to the CS ChemBioDraw Ultra 13.0 program predicted values. The dependence between logk and logP was linear with one exception where the effect of ionization is appreciable.
The majority of compounds did not show antimycobacterial activity against M. tuberculosis. There were only four compounds (6-9) with very low activity that were characterized by long or ramified side aliphatic side chain which is probably better for penetration into mycobacterial cell. But the values were significantly lower than the values of standards so it is not possible to predict any structure-activity relationships.
Quite interesting results were found in antifungal assays. Three compounds (11) (12) (13) ) showed activities against whole tested fungal spectrum and the activity of compounds 12 and 13 was also better than that of a fluconazole standard. Although there were not enough active compounds in the antibacterial and antifungal screenings, we can propose a hypothesis that the side alicyclic chain is necessary for antifungal activity and that the efficacy rises with increasing number of carbons in the alicyclic ring, i.e., increasing lipophilicity.
PET inhibition screening showed some interesting consequences. There were nine compounds active and activity of the most active substance (compound 9) expressed by IC 50 value was 14.3 μmol/L. A quasi-parabolic course was observed for the dependence of PET inhibiting activity on the lipophilic properties of substituents and side chain of the most effective compounds had seven or eight carbons. The active compounds were found to be PS2 inhibitors acting on the donor side of photosystem 2.
Based on the obtained results it can be concluded that the biological activity of the compounds is affected by the presence of secondary amine group bounded to pyrazine ring. If this -NH-fragment is missing, the efficacy would also disappear. This phenomenon can be seen in both evaluations.
